In gracilis functioning free muscle transplantation, the limited caliber of the dominant vascular pedicle increases the complexity of the anastomosis and the risk of vascular compromise. The purpose of this study was to characterize the results of using a T-shaped vascular pedicle for flow-through anastomosis in gracilis functioning free muscle transplantation for brachial plexus injury.
' INTRODUCTION
Traumatic brachial plexus injury (BPI) is a severe and devastating condition observed in up to 4.2% of multitrauma victims (1) . Although transfer of multiple nerves has shown satisfactory results for traumatic BPI (2) (3) (4) (5) , the management of total BPI, or brachial plexus avulsion, is challenging. Functioning free muscle transplantation (FFMT) with or without transfer of multiple nerves has been increasingly accepted as an important option for achieving functional reconstruction (6) (7) (8) (9) (10) (11) .
FFMT consists of the surgical transplantation of normal muscle with neurovascular anastomosis to replace a destroyed or denervated muscle. FFMT has been used to restore upper limb function following traumatic BPI (12) , muscle loss or denervation (13), Volkmann's ischemic contracture (14) , and tumor resection (15) . In contrast to common free cutaneous or musculocutaneous flap transfer, FFMT aims to restore function rather than to provide simple wound coverage and soft tissue repair. In essence, FFMT is a vascularized free tissue transfer, and many factors can adversely affect the outcomes of flaps, especially including failure of the vascular anastomosis (16) . Therefore, reliable anastomosis of blood vessels is one of the most important prerequisites for successful FFMT.
The gracilis muscle is the donor muscle most widely used in FFMT, and the limited caliber of the vascular pedicle is problematic. In particular, the diameter of the gracilis artery is only 1.0 mm to 2.5 mm (17) (18) (19) , which causes difficulty in finding matched-size recipient vessels and which also limits blood flow at the site of anastomosis. Thus, FFMT using the gracilis muscle is susceptible to vascular compromise. Moreover, BPI associated with vascular injury is not uncommon. The concomitant vascular damage, although insidious, often involves the commonly used arterial branches in the recipient limb, leading to less-than-optimal vascular anastomosis and an increased failure risk in FFMT. An anastomosis method other than the conventional end-to-end or side-to-side method is thus needed to decrease the risk of gracilis flap failure in FFMT.
Flow-through anastomosis uses a T-shaped vascular pedicle to bridge the recipient blood vessels. Flaps with a flow-through design were originally used in complex trauma surgery and malignant tumor resection, which require simultaneous wound coverage and blood vessel repair. By using a T-shaped vascular pedicle, injured or deficient vessels at the recipient site can be repaired via circulation through the flap while the flap is simultaneously revascularized by the recipient blood vessels. Foucher et al. (20) first reported a flow-through flap in 1984, and Costa et al. (21) reported 1-stage coverage and revascularization of traumatized limbs using a flow-through flap in 1991. Since that time, the technique has been widely applied in trauma surgery to achieve wound coverage and vascular repair in one stage (22) (23) (24) . In addition, due to its versatility, the flowthrough technique has been used in various free flap transfers to increase blood inflow, decrease overall resistance, and capture more variant perforators (25) (26) (27) (28) (29) (30) . However, there are few reports of this technique's use with FFMT.
Thus, the purpose of this study was to compare the results of flow-through anastomosis with those of traditional end-toend anastomosis in gracilis FFMT used for the repair of traumatic BPI.
' METHODS

Patients
The cases of consecutive patients with traumatic BPI treated with gracilis FFMT at our center from 2005 to 2013 were retrospectively reviewed. The criteria for inclusion in this study were patients with traumatic BPI who received FFMT using the gracilis muscle as the donor muscle. Patients with traumatic muscle loss and those who received FFMT using muscles other than the gracilis as the donor muscle were excluded. At the beginning of the study period, we used traditional end-to-end vascular anastomosis when performing FFMT, whereas in the later part of the study period, we used the flow-through technique; thus, patients were divided into a traditional anastomosis group and a flow-through anastomosis group.
Data regarding patient age and gender, the etiology of the injury, the harvest time, the total operation time, vascular compromise and other postoperative complications, and donor-site complications were collected from the medical records. The data were specifically collected from the medical records by a physician who was not involved in the study and who was not aware of which type of anastomosis was performed. As is routine in our department, two groups of surgeons began preparation of the donor site and recipient site simultaneously. The operation time was defined as the time from incision to wound closure, and the harvest time was defined as the time from incision to complete isolation of the muscle. The study was approved by the Institutional Review Board of the hospital, and all patients provided written informed consent for the surgical procedure performed and for their images and data to be used for research purposes.
Surgical technique
All of the FFMTs were performed by a single senior professor and his team, including a resident and an attending physician. Each patient was placed in the supine position with hip joint flexion, abduction, and external rotation and knee joint flexion. In this position, the adductor longus could be palpated in the medial thigh. Additionally, a line was drawn along the prominence from the pubic tubercle to the medial knee to indicate the anterior boarder of the gracilis muscle, and the skin flap overlying the gracilis muscle was marked ( Figure 1 ).
An incision was made along the anterior boarder of the skin flap, and dissection between the adductor longus and the gracilis was performed, preserving the fascia surrounding the gracilis. The dominant pedicle and motor nerve were identified beneath the adductor longus ( Figure 2A) ; however, the neurovascular pedicle was not dissected at this time. Next, the incision was extended to the insertion of the gracilis, and the posterior border of the skin flap was incised. The gracilis was then isolated from adductor longus anterolaterally and from the adductor magus posterolaterally.
With the adductor longus retracted anteriorly, the vascular pedicle of the gracilis was exposed and dissected, and the branches to the adductor longus, brevis, and magnus were ligated. The nerve branches of the muscle were also identified ( Figure 2B ). The adductor longus was also retracted posteromedially so that the artery pedicle could be traced to its origin at the profunda femoris. A 2 cm to 3 cm segment of the profunda femoris was then isolated and cut ( Figure 2C ). A T-shaped artery pedicle comprising the profunda femoris and the nutrient artery of the gracilis was harvested, and the venae comitantes of the nutrient artery were also harvested from their origin. The profunda femoris arterial segment had an obviously larger caliber ( Figure 2D ). After dividing the motor nerve, the gracilis was harvested.
Incisions in the upper limb were performed based on the aim of reconstruction. The recipient artery, which was usually the brachial artery, axillary artery, or radial artery, was divided and interposed with the T-shaped pedicle, with both ends anastomosed ( Figure 3) . The venae comitantes of the gracilis were also anastomosed with the matched recipient veins in an end-to-end fashion. If there were 2 venae comitantes, they were anastomosed with the superficial and deep venous systems, respectively ( Figure 3C ). When only a single vena comitans was present, only one anastomosis was performed. In the end-to-end anastomosis group, a single arterial end-toend anastomosis was performed. The spinal accessory nerve was the first choice for nerve innervation in both groups. For patients whose spinal accessory nerves were unavailable, intercostal nerves, the medial brachial cutaneous nerve, and a bundle of ulnar nerves reinnervated by CC7 were utilized. 6 weeks after surgery, and passive functional exercises were begun immediately after surgery. The rehabilitation protocol comprised acupuncture, moxibustion, and electrical stimulation. Donor-site discomfort and dysfunction were evaluated 1 year after the FFMT. Subjective donor-site discomfort was specifically evaluated using a questionnaire adapted from that of Carr et al. (31) . Briefly, donor-site symptoms were classified into 11 grades, with 0 defined as no discomfort; 1 to 9, as increasing degrees of discomfort; and 10, as unbearable discomfort.
Statistical analysis
Continuous variables are presented as the mean±stan-dard deviation (SD) and were compared using independentsample t-tests. Categorical variables are expressed as a number and percentage and were compared using Fisher's exact test. A two-tailed po0.05 was considered statistically significant. All analyses were performed using SPSS Version 20 (SPSS Statistics V20, IBM Corporation, Somers, New York).
' RESULTS
A total of 71 patients treated with FFMT for traumatic BPI due to a motorcycle accident, a machine injury, or a crush injury were included in the analysis. A total of 46 patients received flow-through anastomosis, and 25 patients received conventional end-to-end anastomosis; these 2 groups were comparable with respect to age and sex (both p40.05; Table 1 ). The purpose of reconstruction for the patients in the flow-through group was to restore elbow flexion and finger extension (n=33), to restore elbow flexion and finger flexion (n=12), or to restore elbow extension (n=1). In the end-to-end group, the goal of reconstruction was to restore elbow flexion and finger extension (n=21) or to restore elbow flexion (n=4). In the flow-through group, the recipient vessels included 32 brachial arteries, five axillary arteries, and nine radial arteries. In the end-to-end group, the recipient vessels included four circumflex humeral arteries, six brachial artery branches, six axillary artery branches, three deep brachial artery branches, and two thoracoacromial arteries.
As shown in Table 1 , the harvest time (p=0.167), total operation time (p=0.721), and donor-site score (p=0.288) were similar between the two groups. The diameter of the arterial anastomosis in the flow-through group was significantly larger than that in the end-to-end group (3.87 ± 0.42 mm vs. 2.06 ± 0.44 mm, respectively, po0.001), and there were significantly fewer cases of vascular compromise in the flow-through group (2 [4.35%] vs. 6 [24%], respectively, p=0.019). Moreover, in the flow-through group, there were two cases of reversible venous spasms, and the flaps were salvaged after re-exploration. In contrast, in the end-to-end group, there were six cases of vascular compromise, including one case of venous spasm, four of venous thrombosis, and one of arterial thrombosis; four flaps were salvaged, whereas two failed.
In addition, one patient in the flow-through group and two in the end-to-end group developed donor-site hematomas that resolved with local care. However, no adduction muscle strength loss was noted at 1 year after surgery in either group, as determined by a manual muscle strength test. The donor-site scores were similar between the two groups (Table 1) , and no scores of 3 or more were noted in either group. Discomfort included itching, numbness, and hyperesthesia around the scar. However, all discomfort was easily bearable and did not affect the activities of daily life. 
' DISCUSSION
We have performed FFMT for brachial plexus avulsion since 2005, and end-to-end vascular anastomosis was initially used. As the technique evolved, we adopted flow-through vascular anastomosis for the procedure. In the present study, we compared the results of gracilis FFMT for traumatic BPI using flow-through or end-to-end anastomosis. The results showed that the diameter of the arterial anastomosis in the flow-through group was significantly larger than that in the end-to-end group. Additionally, there were significantly fewer cases of vascular compromise and less flap failure in the flowthrough anastomosis group, whereas the operation time and donor-site morbidity were similar between the groups.
The treatment of BPI is challenging, especially if there is complete avulsion of the brachial plexus. Limited donor nerve for nerve transfer and long distances to the target muscle are the main obstacles. For certain patients, FFMT is the only choice for the restoration of limb function. In these cases, FFMT failure would be catastrophic. The reported success rate of free tissue transplantation ranges from 91% to 99%, with the majority of failures being due to technical errors with vessel anastomosis, such as a mismatch of vessels (16) . Generally, small vessels are more vulnerable to thrombosis than large-diameter vessels are, and a T-shaped vascular pedicle can afford a larger vessel for anastomosis.
Although primarily used in trauma with main artery injury, application of the flow-through technique has been extended to various situations without vascular injury. For example, Haffey et al. (25) reported a flow-through anterolateral thigh free flap that could capture vascular perforators from separate sources, regardless of the vascular branching pattern of the pedicle. Moreover, Kawamura et al. (27) reported the feasibility of harvesting a flow-through flap from the scapular region, and Koshima et al. (28) reported a flow-through free anterolateral or anteromedial thigh flap with a wide but short vascular pedicle to avoid problems associated with variation and to shorten the operation time, with good results. Thus, the versatility of the technique has been clearly shown, laying the foundation for its application in FFMT.
The gracilis muscle has a type II blood supply system (32). The dominant pedicle enters the muscle 6 to 10 cm inferior to the pubic tubercle, with one or two minor pedicles entering the muscle approximately 20 cm inferior to the pubis. The muscle can survive by relying only on the dominant vascular pedicle, and the caliber of the dominant pedicle is 1 to 2.5 mm (17) . The dominant artery generally originates from the profunda femoris (33) , although certain authors have reported that it originates from the medial circumflex femoral artery (34) . Regardless of the origin, both the profunda femoris and the medial circumflex femoral artery can be easily identified and well matched with a recipient artery.
The most important advantage of a T-shaped vascular pedicle is the large caliber, and there are unique advantages to using this technique in FFMT. Miyamoto et al. (35) revealed that a flow-through flap allowed greater blood flow into the flap through the anastomotic site than end-to-end and end-to-side anastomoses did. For FFMT, increased blood flow is particularly advantageous for intramuscular blood circulation during the early stage after surgery. Extra dissection to identify an anonymous recipient artery is unnecessary because of matching with the brachial, axillary, or radial artery. This approach successfully avoids problems due to previous vascular injury and also allows for variation of the insertion point of the transplanted muscle, without restriction due to inconvenient recipient vessel positioning. Additionally, the vascular system of the recipient site can be kept intact, which reduces the risk of additional ischemia if recipient vessels must be sacrificed.
There are, however, several unresolved issues with the application of a T-shaped venous pedicle. Ichinose et al. (36) noted that dual venous anastomosis of separate venous systems is conducive to reducing the risk of flap failure and affords protection against venous catastrophe through a selfcompensating mechanism. There are one or two venae comitantes in the gracilis vascular pedicle, and with flowthrough venous anastomosis, drainage occurs through a single venous system. Therefore, when there are two venae comitantes, it is recommended that they be respectively anastomosed with branches from the deep and superficial venous systems. Conversely, if only one vena comitans is present, flow-through venous anastomosis is recommended due to the advantages of the large caliber.
In the present study, less vascular compromise was observed with flow-through anastomosis; the increased inflow not only supplies oxygen-rich blood but also improves the outflow of venous blood (35) . This is likely the reason that significantly less vascular crisis occurred in the flow-through group, even though only the artery underwent flow-through anastomosis. Due to abundant communication in the femoral arterial system in the thigh, ischemia of the lower limb after sacrifice of the profunda femoris is rare. In our study, no ischemic necrosis or contracture of the muscles at the donor site occurred, and no obvious decrease in muscle strength was observed.
There are no specific contraindications for the use of flowthrough anastomosis with a T-shaped arterial pedicle in FFMT. However, caution must be exercised in patients with a history of vascular injury to the femoral artery. Computed tomography angiography (CTA) may be useful for assessing blood flow in the femoral artery system preoperatively. In addition, the method is not recommended if the ipsilateral gracilis is chosen as the donor muscle; due to the relative locations of the donor and recipient vessels, folding and twisting of the vascular pedicle is likely to occur. The primary limitations of this report are the relatively small number of patients and the retrospective nature of the study. Traumatic muscle loss is also an important indication for FFMT; however, we limited this study to patients without muscle loss to reduce the influence of this variable on the results. Lastly, we did not include data on the long-term outcomes of the surgery because the purpose of this report was to examine the effect of the flow-through technique on flap survival.
The use of flow-through anastomosis in gracilis FFMT for BPI can decrease the complexity of anastomosis and reduce the risk of flap loss. The technique allows for a recipient artery to be chosen such that muscle placement can be performed in accordance with the aims of reconstruction and also allows for preservation of the original vessels in the recipient limb. Thus, we believe that flow-through anastomosis should be considered when performing FFMT. 
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